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Abstract
Green Salamanders (Aneides aeneus) are a species of threatened lungless salamander
(family Plethodontidae) found throughout the Appalachian Highlands of the eastern United
States. While many other plethodontid salamanders have been the focus of molecular studies,
little is known about the population genetics and phylogeography of A. aeneus. To examine the
genetic relationships among populations in the southern portion of the species’ range, I collected
tissue samples from over 100 individuals belonging to 24 different populations in eastern
Tennessee and northeastern Alabama. Two mitochondrial loci (cytB and ND4) were amplified,
sequenced, and supplemented with existing sequences available on GenBank. Both Bayesian
and maximum likelihood approaches indicated that there were two genetically distinct clades
present. One clade encompasses northern Tennessee ranging into West Virginia while the other
encompasses southern Tennessee and northeastern Alabama. The northern clade contained
significantly higher levels of genetic diversity than the southern clade. These clades can be
treated as distinct operational taxonomic units present in Tennessee, which may require separate
conservation management.

Introduction
Green Salamanders (Aneides aeneus) are a species of lungless salamander (Family
Plethodontidae) endemic to the eastern United States. Aneides aeneus is the only species within
the genus to occur in the eastern United States, and the genus is considered to be the most
terrestrial genus of salamanders (Gordon 1952). It is found predominantly in the southern
Appalachian Mountains and Allegheny Plateau, with a range extending from southwestern
Pennsylvania to northern Alabama and extreme northeastern Mississippi. Disjunct populations
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are also known in North Carolina, South Carolina, southern Indiana and central Tennessee
(Adkins Giese et al. 2012, NatureServe 2018). While broadly distributed with an estimated range
size of 20,000–200,000 km2, A. aeneus is found discontinuously throughout its range in part
because of its perceived specific habitat requirements (Snyder 1991; NatureServe 2018). They
are most frequently found in rock outcrops in heavily forested areas with elevations of less than
1340 meters throughout their range (Riedel et al. 2006), with a preference for deep crevices
within sandstone, limestone, granite, or quartzite (Riedel et al. 2006; Adkins Giese et al. 2012).
However, they can rarely be found either on or within trees (Snyder 1991).
Aneides aeneus is easily distinguished from other plethodontid salamanders by its
characteristic body shape and coloration. It has a flattened body for fitting into small crevices
and long, square-tipped toes along with a muscular tail, both adaptations for easily climbing
rockfaces. They have a mottled green and black color pattern that allows them to easily blend
into lichen on the rock outcrops they live within (Cupp 1991). Adults typically reach a total
length of 14 cm (John 2016). Estimates for the age at sexual maturity range 3–8 years, though it
is thought they can live 15 years or longer (Waldron and Pauley 2007; John 2016). Upon
reaching sexual maturity, A. aeneus breed biennially with females laying an average of 17 eggs
in May (Gordon 1952; Waldron and Pauley 2007). The female then guards the eggs until they
hatch, typically in late August or early September (Waldron and Pauley 2007). This species is
direct-developing; hatchlings emerge looking like small adults rather than going through an
aquatic larval stage (Gordon 1952).
Aneides aeneus was last assessed under the International Union for Conservation of
Nature (IUCN) Red List criteria in 2004 as Near Threatened (Hammerson 2004). At that time, it
was thought that populations may have been in decline but placement on the Red List of Species
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was not yet warranted but may so in the near future. Listing a species as Vulnerable requires a
significant population reduction in the last 10 years or three generations, small area of occupancy
which is either shrinking or severely fragmented, a small population which is continuing to
decline or extremely small population overall, or projections showing at least a 10% probability
of extinction within the next 100 years (IUCN 2012). Under NatureServe criteria, A aeneus is
classified as Vulnerable-Apparently Secure (G3G4) (NatureServe 2018). However, state
conservation status ranges from Critically Imperiled (S1) in Indiana, Mississippi, and South
Carolina, to Vulnerable - Apparently Secure (S3S4) in Tennessee and Kentucky (NatureServe
2018). The species was petitioned for federal listing by the Center for Biological Diversity in
2012. The United States Fish & Wildlife Service ruled that the petition action may be warranted
and initiated a status review in 2015. Many threats currently face the species, including logging,
road construction, disease, acid rain, pesticides, and adverse weather conditions, such as
unusually cold winters (Synder 1991; Adkins Giese et al. 2012). The main conservation actions
needed to assist the species at this point in time are protection of habitat where it is known to
occur and acquiring more information about the existing populations (Hammerson 2004).
The population genetics of A. aeneus are poorly understood. Studies of home range and
dispersal suggest that A. aeneus typically only travels up to 100 m from rock outcrops (Gordon
1952). Previous phylogenetic studies indicate there may be multiple species currently recognized
as A. aeneus (Gordon 1952; Adkins Giese et al. 2012). This project sought to better understand
genetic variation and structure of A. aeneus populations associated with Cumberland Plateau and
parts of the Ridge and Valley in Tennessee. Major objectives include delimiting the number and
spatial extent of evolutionary significant units (ESUs; Moritz 1994) and estimate relationships
and connectivity among populations using mitochondrial DNA loci from over 100 samples of 24
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different localities. Given potentially limited dispersal and habitat specificity of the species, I
hypothesized that there would be significant geographic genetic structure throughout the range of
the species, particularly on opposite escarpments of the Cumberland Plateau.

Materials and Methods
Field Sampling
I searched for A. aeneus at limestone and sandstone rock outcrops in hardwood forests as
well as surrounding trees at several locations throughout the range of the species in Tennessee
and northeastern Alabama. Sampling sites focused on areas with previously documented
occurrences as well as sites with suitable habitat but no prior reports. Salamanders were located
by searching in crevices of rock outcrops with flashlights or headlamps, as well as checking
nearby trees. If a salamander was discovered, it was carefully removed from its crevice if
possible. For individuals that were removed from crevices, they were placed in a plastic bag and
measurements of weight and length were taken. A small tissue sample was taken by removing a
small section of the tail tip (<5 mm) before releasing the salamander back into its crevice. The
tail tip was preserved in 100% ethanol immediately then stored in a -20 °C freezer as soon as
possible following collection.
DNA Extraction
A Qiagen DNEasy® Blood and Tissue Kit was used for all DNA extractions following
the manufacturer’s protocol. An outline of the protocol is as follows. First, I cut the preserved
tail tip to ~2.5mm in length and allowed it to dry for several minutes until all ethanol had
evaporated. The remaining tissue was placed back into ethanol and saved. Once the tissue had
dried, it was transferred to a 1.5mL microcentrifuge tube followed by the addition of 180µL of
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Buffer ATL. This was followed by the addition of 20µL of proteinase K. The sample was
vortexed then incubated overnight at 56°C, with occasional vortexing while incubating to ensure
adequate mixing. Once the tissue was fully lysed, it was vortexed for 15s. I then added 200µL of
Buffer AL and vortexed the sample again. Next, I added 200µL of 100% ethanol and vortexed
the sample a final time. The entire 600µL of solution was then transferred to a spin column and
centrifuged at 6000g for 1 minute. The flow-through was discarded and the spin column placed
in a new collection tube. I added 500µL of Buffer AW1 and centrifuged the spin column again at
6000g for 1 minute. The flow-through was discarded and the spin column placed in a new
collection tube. Next, I added 500µL of Buffer AW2 to the spin and centrifuged the spin column
at 20,000g for 3 minutes. The spin column was transferred to a 1.5mL microcentrifuge tube
labelled with the sample name and the flow-through was discarded. I added 200µL of Buffer AE
to the spin column, allowed it to incubate at room temperature for approximately 1 minute, then
centrifuged the spin column at 6000g for 1 minute. Lastly, I discarded the spin column and
stored the eluted DNA in the freezer for later use.
PCR amplification and sequencing
Polymerase chain reaction (PCR) was used to amplify two mitochondrial loci, NADH
dehydrogenase subunit 4 (ND4) and cytochrome B (cytB). Each 25µL PCR reaction consisted of
12.5µL of GoTaq Colorless MasterMix (Promega), 1.0 µL of 10µM forward primer, 1.0 µL of
10µM reverse primer (Table 1), 7.5µL of molecular grade water, and 3.0 µL of DNA template. A
single fragment of ND4 was amplified, while two different fragments of cytB were amplified, as
not all samples could be successfully amplified with a single primer pair. Gel electrophoresis
was used to confirm successful PCR amplification of each target gene and visualized using an
Axygen gel documentation system. PCR products were cleaned using ExoSAP-IT (Affymetrix)
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and sequenced in both directions using BigDye chemistry at Eurofins MWG Operon (Louisville,
Kentucky) using PCR primers.
Sequence Alignments
Resulting sequences were edited using Chromas v2.6.6 (Technelysium Pty Ltd, South
Brisbane, QLD, Australia). Low quality reads at the end of each sequence were trimmed and
ambiguous base calls were verified manually by examining the electropherogram. Forward and
reverse sequences were then assembled into contigs using GeneStudio v. 2.2.0.0 (Genestudio,
Inc., Suwanee, GA, USA). All of the resulting contigs were aligned using MUSCLE (Edgar
2004) in Mega (Kumar et al. 2016).
Phylogenetic analyses
Outgroups included in the analysis were Climbing Salamander (Aneides lugubris),
Clouded Salamander (Aneides ferreus), Wandering Salamander (Aneides vagrans), Black
Salamander (Aneides flavipunctatus), and Sacramento Mountain Salamander (Aneides hardii).
All genetic sequences for these species were obtained from GenBank (Table 2). Additional
sequences for Aneides aeneus were obtained from GenBank and also included in the analysis
(Table 3). The optimal model of nucleotide substitution was determined using PartitionFinder2
v2.1.1, using AICc as the method of model selection (Lanfear et al. 2016). Maximum likelihood
(ML) analysis was conducted using RAxML-HPC v.8.2.10 (Stamatakis 2014). This analysis was
run under the GTRGAMMA model and rapid bootstrapping algorithm with 1,000 bootstraps.
Partitions determined by PartitionFinder2 were also included in the analysis. Bayesian analysis
also was performed using MrBayes v.3.2.6 (Ronquist et al. 2011). PartitionFinder2, MrBayes,
and RAxML were run on the CIPRES server (Miller et al. 2010). The optimal model of
nucleotide substitution, as determined by PartitionFinder2, was included in the analysis.

8
Posterior probabilities were estimated using two independent runs, six Markov chains, and
temperature profiles at the default setting of 0.2 for 20 million generations, sampling every 1,000
generations. Random trees were employed at the beginning of each Markov chain, and a
molecular clock was not enforced. Stationarity was determined by examining the average
standard deviations. We assumed stationarity was achieved if the average standard deviation was
< 0.005. The first five million generations of each run were discarded as burn-in. The remaining
trees from the stationarity distribution were sampled to generate a 50% majority-rule consensus
tree.

Results
Sequence Diversity
A total of 103 samples across 24 localities were collected from the Cumberland Plateau
and Appalachian Valley and Ridge of Tennessee and northeastern Alabama. I was able to
amplify sequences for both mitochondrial markers for 65 samples. One fragment for the cytB
locus was 785 basepairs (bp) in length with the other was only 347 bp. I was able to amplify 27
samples for the longer fragment and 40 samples for the shorter fragment. Five samples amplified
successfully for both fragments.
Only the shorter cytB fragment was used for haplotype analysis, which had 30 unique
haplotypes from 72 individuals from 24 localities. Overall haplotype diversity was 0.587 and
nucleotide diversity was 0.021. The northern clade contained 16 haplotypes from 37 individuals
from 11 localities, whereas the southern clade contained 16 haplotypes from 35 individuals from
13 localities. Haplotype diversity and nucleotide diversity for the northern clade was 0.670 and
0.015, respectively. The northern clade had 21 segregating sites. Haplotype diversity and
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nucleotide diversity for the southern clade was 0.271 and 0.007, respectively. The southern clade
had 18 segregating sites.
The ND4 locus was 711 bp in length, with 46 haplotypes from 116 individuals from 29
localities. Overall haplotype diversity was 0.861 and nucleotide diversity was 0.047. There were
86 segregating sites. The southern clade contained eight haplotypes from 56 individuals from 15
localities, whereas the northern clade showed significantly greater haplotype diversity with 38
haplotypes from 60 individuals from 14 localities. The northern clade had haplotype diversity of
0.947, nucleotide diversity of 0.012, and contained 78 segregating sites. The southern clade had
haplotype diversity of 0.584, nucleotide diversity of 0.005, and contained 67 segregating sites.
Phylogenetic Relationships
The best models of nucleotide substitution were a gamma-distributed General Time
Reversible (GTR+G) and a gamma-distributed, invariant Tamura-Nei (TRN+I+G) model for
cytB and ND4, respectively. ML gene trees for cytB and ND4 are presented in Figures 1 and 2,
while Bayesian gene trees are presented in Figures 3 and 4. Both approaches produced highly
similar phylogenies. Each revealed two distinct clades with high support: a northern clade
including populations sampled in northern Tennessee on the Cumberland Plateau and in the
Appalachian Valley and Ridge and a southern clade that includes populations samples in
southern Tennessee and northeastern Alabama on the Cumberland Plateau (Figure 5).

Discussion
Genetic analysis revealed two distinct clades: a northern clade and a southern clade. The
northern clade encompasses northeastern Tennessee, along with portions of West Virginia while
the southern clade encompasses southern Tennessee and northeastern Alabama. These results
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support the hypothesis that genetic structure exists throughout the range of A. aeneus. However,
the geographic division between the two clades occurred in a region and orientation that was not
expected. Because A. aeneus is thought to be a rock outcrop specialist, I hypothesized that
genetic structuring would be associated with the escarpments of the Cumberland Plateau, with
populations on the western and eastern escarpments of the Cumberland Plateau forming distinct
groups with some intermixing in the southern Cumberland Plateau in south-central Tennessee
and northeastern Alabama where the plateau is much more dissected. Instead, the
phylogeographic break occurs along an east-west axis across the Cumberland Plateau in the Van
Buren-Warren-Grundy County area of Tennessee. The exact location and width of the contact
zone for A. aeneus has not yet been determined, and it is also unknown if gene flow occurs
between the clades within the contact zone. Similar phylogenetic breaks have been documented
in Ringneck Snakes (Diadophis punctatus ssp.) and Tetracion spp. cave millipedes in the
southern Cumberland Plateau (Fontanella et al. 2007; Loria et al. 2011).
For both mitochondrial genes, the northern clade had significantly more genetic diversity
than the southern clade. This indicates that the southern clade likely has greater dispersal and
gene flow among populations reducing genetic divergence among populations. This could
possibly be due to habitat differences between the clades which prevent greater dispersal in the
north. It could also be due to greater distance between populations sampled in the northern clade,
thus reducing gene flow or even preventing different populations from coming into contact with
each other. The lack of divergence in the southern clade suggests that A. aeneus is capable of
dispersing considerably further than 100m, as previously thought (Gordon 1952), facilitating
greater connectivity and gene flow among populations (subpopulations in a metapopulation
framework). There also is evidence for substantial dispersal and movement in the northern clade,
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suggesting that the historical view of a habitat specialist associated with rock outcrops and
limited dispersal is not accurate, at least for Cumberland Plateau populations.
Like prior phylogenetic studies (Sessions and Kezer 1987; Brodman 2004), the results of
this study uncovered substantial genetic structure. Prior analyses found there are at least four
clades throughout the range of the species, but did not include the disjunct populations in Indiana
or North Carolina. It was suggested that, based on the level of genetic diversity present between
clades, A. aeneus could actually represent multiple cryptic species (Brodman 2004). The ND4
analysis in this study revealed that the population in Henderson County, North Carolina was
genetically similar to, but distinct from, the southern clade. Genetic data for this population were
limited to a single sequence available from GenBank; however, it is possible that additional
genetic studies with more comprehensive sampling may support another clade from the Blue
Ridge Mountains.

Conclusion and future directions
The level of genetic distinctness between the northern and southern clades indicates that
each should be treated as a separate operational taxonomic unit (OTU). This has several
implications for conservation, the primary implication being that each clade should be managed
separately in order to conserve the genetic diversity that is unique to each clade. Additionally,
further research should be done into whether or not these clades represent two cryptic species
and to determine the zone and degree of contact between the two clades on the Cumberland
Plateau.
This study only examined the southern portion of the range of A. aeneus. Samples from
Indiana and the northern half of the range were not included. This study also included only one
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sample from the North Carolina population, which is disjunct from the rest of the populations.
Therefore, additional study in these portions of the range should be conducted as they may reveal
additional genetically distinct clades are possible within populations throughout the unstudied
portions of the range. Secondly, this study revealed that in the southern portion of the range A.
aeneus is capable of moving significantly further than 100m, resulting in the lack of genetic
divergence seen in this clade. Research into how far individuals are capable of dispersing should
be conducted as this could have important conservation impacts for the species.
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Figure 1. CytB ML gene tree for 72 samples from 24 populations in Tennessee and northeastern
Alabama conducted in RAxML, with bootstrap support (>70) shown above nodes. Blue
represents the northern clade while red represents the southern clade.
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Figure 2. ND4 ML gene tree for 99 samples from 24 populations in Tennessee and northeastern
Alabama conducted in RAxML, with bootstrap support (>70) shown above nodes. Blue
represents the northern clade while red represents the southern clade.
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Figure 3. CytB Bayesian phylogram for 72 samples from 24 populations in Tennessee and
northeastern Alabama conducted in RAxML, with posterior probabilities (>.90) shown above
nodes. Blue represents the northern clade while red represents the southern clade.

21

1

0.921

1
0.943

22

1

0.987
0.93

0.99
0.901

0.998

1 0.998
0.999

0.906

0.941

0.986
1

Figure 4. ND4 Bayesian phylogram for 99 samples from 24 populations in Tennessee and
northeastern Alabama conducted in RAxML, with posterior probabilities (>.90) shown above
nodes. Blue represents the northern clade while red represents the southern clade.
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Figure 5. Map of sample sites in eastern Tennessee and northeastern Alabama. Red dots
represent the southern clade while blue dots represent the northern clade.
Tables
Table 1. PCR primers used for amplification and sequencing of the two mitochondrial loci used
in the study.
Primer
Name
Ephist
ND4F

Gene

Sequence (5’-3’)

ND4
ND4

TCRTTTTTAGGGTCACRGCCTAG
CACCTATGACTACCAAAAGCTCATGTAGAAGC

MVZ15
cytB
MVZ16R cytB
Cytb-2
cytB

Source

Weins et al. 2006
Arevalo et al.
1994
GAACTAATGGCCCACACRRTACGNAA
Moritz et al. 1992
AAATAGGAARTATCAYTCTGGTTTRAT
Moritz et al. 1992
AAACTGCAGCCCCTCCAGAATGATATTTGTCCTCA Moritz et al. 1992
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Table 2. Outgroup sequences downloaded from GenBank and included in this study.
Species
Aneides flavipunctatus
Aneides hardii
Aneides lugubris
Aneides flavipunctatus
Aneides ferreus
Aneides ferreus
Aneides lugubris
Aneides flavipunctatus
Aneides ferreus
Aneides vagrans
Aneides flavipunctatus
Aneides lugubris

Gene
ND4
ND4
ND4
ND4
ND4
ND4
cytB
cytB
cytB
cytB
cytB
cytB

GenBank Accession Number
AF370015.1
AF329327.1
AF329328.1
JX544639.1
KF781823.1
AF329324.1
AY691758.1
JX544705.1
KF781793.1
KF781800.1
KM197822.1
U89629.1

Table 3. Additional Aneides aeneus sequences downloaded from GenBank and included in this
study.
Gene
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
ND4
cytB

GenBank Accession Number
AY691786.1
AF489629.1
AF489628.1
AF489627.1
AF489626.1
AF489625.1
AF489624.1
AF489623.1
AF489622.1
AF489621.1
AF489617.1
AF489619.1
AF489618.1
AF489620.1
AF489615.1
AF489614.1
AF329322.1
AY691742.1
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Appendix
Table 4. List of sites sampled for Aneides aeneus in Alabama and Tennessee.
Locality
No Business Branch
Sewanee Natural Bridge
Stone Door, Savage Gulf SNA
University of the South Domain
Bear Hollow Mountain WMA, end of Bear Hollow Rd
Ozone Falls SNA
Bear Hollow Mountain WMA, Pumplog Hollow
Savage Gulf SNA, Collins West trailhead
Bear Hollow Mountain WMA, Wolf Cove
Bear Hollow Mountain WMA, Williams Cove
Rock outcrop
Bridgestone-Firestone WMA
Fall Creek Falls- Wheeler Farm
Bluff River Cave
Limrock Blowing Cave
Catoosa WMA
Bear Hollow Mountain WMA, Cedar Ridge
Bear Hollow Mountain WMA, Boundary Rd
Savage Gulf SNA, Greeter Falls
Bays Mountain Park
Franklin-Marion State Forest
Short Mountain
Rock outcrop near Panther Cave no. 1 (TCM8)
Blowing Springs Cave

County
Campbell
Franklin
Grundy
Franklin
Franklin
Cumberland
Franklin
Grundy
Franklin
Franklin
Fentress
White
Van Buren
Jackson
Jackson
Roane
Franklin
Franklin
Grundy
Sullivan
Marion
Cannon
Campbell
Anderson

State
TN
TN
TN
TN
TN
TN
TN
TN
TN
TN
TN
TN
TN
AL
AL
TN
TN
TN
TN
TN
TN
TN
TN
TN

Number of Samples
5
1
1
3
5
14
15
4
2
3
1
7
1
2
1
5
6
8
2
1
4
9
1
1

